We examined two image-based methods, photogrammetry and stereo vision, used for reconstructing the threedimensional form of biological organisms under field conditions. We also developed and tested a third 'hybrid' method, which combines the other two techniques. We tested these three methodologies using two different cameras to obtain digital images of museum and field sampled specimens of giant tortoises. Both the precision and repeatability of the methods were assessed statistically on the same specimens by comparing geodesic and Euclidean measurements made on the digital models with linear measurements obtained with caliper and flexible tape. We found no substantial difference between the three methods in measuring the Euclidean distance between landmarks, but spatially denser models (stereo vision and 'hybrid') were more accurate for geodesic distances. The use of different digital cameras did not influence the results. Image-based methods require only inexpensive instruments and appropriate software, and allow reconstruction of the three-dimensional forms (including their curved surfaces) of organisms sampled in the field.
INTRODUCTION
Reconstructing the three-dimensional (3D) form of living organisms in their natural habitat is a chal lenge and, currently, there are no methods enabling reconstruction over a wide range of field conditions and animal sizes and forms. Field work conditions present a variety of problems, including variable lighting, rain and humidity, difficulty in accessing locations, and long distances between sampling locali ties. In addition, live animals sampled in their habitat can move and their bodies are deformable. Data capture in the field requires instruments that are easily transportable, easily operated, inexpensive, resistant to rain, humidity, and mechanically durable.
Moreover, using the instruments should pose no harm to the organisms under study.
With the lack of 3D reconstruction methods suit able for field use, researchers have often resorted to analyzing the morphology of a limited number of samples available in museums. Alternatively, they may analyze two-dimensional (2D) reconstructions or use only a small number of distance measurements taken on field sampled individuals (Olson, Goodman & Yoder, 2004; Fritz et al., 2006) , thereby risking losing critical information to study patterns of intraand inter-specific morphological variation. Moreover, distance data do not recover the geometry of the original form (Rohlf, 1990; Rohlf & Marcus, 1993) . Instead, 2D or 3D coordinates of landmark points represent the geometry of the organism or structure studied. Distance-based methods have been developed to obtain 2D and 3D coordinates from measured dis tances (e.g. multidimensional scaling, Euclidean dis tance matrix analysis; Dryden & Mardia, 1998) , but these methods require exhaustive measurements (every pair of landmark taken in each possible com bination). Carpenter, Sommer & Marcus (1996) devel oped a method to obtain landmark coordinates in a 2D or 3D space from distance data by a simplification of the multidimensional scaling algorithm and based on 2D truss networks (Strauss & Bookstein, 1982) . However, not every subset of the possible exhaustive measurements is adequate for an accurate recon struction. As noted by Rohlf & Marcus (1993) , for incomplete sets of measurements for which the structure is not uniquely specified, reconstruct ing the shape from polygon to polygon may result in large errors for distances computed between distant polygons.
Distances and 2D coordinate data represent the form as a 2D entity. Biological organisms and their parts are 3D entities. Simplifications to a 2D form are usually applied if one of the three dimensions is considered irrelevant to the study question or deemed unimportant compared to the other two (Zelditch et al., 2004) . A possible misinterpretation of shape changes can be created by the study of a composed 3D structure in a 2D space (Bock, 1966; Reig, 1996) . Collecting true 3D data avoids making assumptions about the symmetry of the organism that are needed when 2D data is extrapolated to create a 3D model (Dean, 1996) .
There are still major obstacles to 3D data gathering for biological study, including the cost, availability, and the suitability of instrumentation for field studies (Zelditch et al., 2004) . Digital based methodologies to reconstruct 3D forms are available (e.g. 3D touch probe digitizers, reflex microscopes, optical scanners, and computerized axial tomographic imaging), and are currently used primarily on museum specimens or in medical applications (Zollikofer & Ponce de Leon, 2002; Claude et al., 2003) . However, only optical scan ners can recover curved surfaces but, because of their high cost, these devices are not widely available. Alternatives devices for 3D data capture have been suggested, but involve either complex sets of instru ments (Guillet, Doyle & Ru �� ther, 1985; Corti et al., 1996) or constraints on positioning of the necessary instruments used that are not feasible in the field (Spencer & Spencer, 1995; Fadda, Faggiani & Corti, 1997; Stevens, 1997) . In the field, organisms are not always in an open space, and the instruments need to be carried for long distances and assembled each time, when searching for individuals scattered over a wide area.
Techniques from photogrammetry and computer vision using digital photography have been used widely in geomorphology, architecture, biometry, forensic, medical, geographic, and archeological studies. However, they have been applied to only a small number of biological systems (Bythell, Pan & Lee, 2001; Van der Meijden & Chiari, 2005) . Thus far, these applications have used photogrammetric methods to reconstruct models that are flat between user specified landmarks.
In the present study, we applied and tested two techniques from the fields of photogrammetry and computer vision that are available in commercial soft ware packages. We also implemented and tested a new 'hybrid' method that combines the advantages of these two techniques to reconstruct the 3D form from digital images. All of the methods use images from widely available digital cameras with no additional expensive or cumbersome devises. We tested the accu racy of the results for cameras from different manu facturers available at different price points.
We tested the methods on a tortoise sampled in a museum and on one sampled in the field. Tortoise carapaces are well suited for testing and developing these methodologies on live animals because they offer a simplified setting. Their carapace has easily identifiable landmarks (e.g. suture points between epidermal shields), which simplify the landmark identification of our methods. Moreover, the animals move slowly, and their shell is rigid.
MATERIAL AND METHODS

MATERIAL
A museum specimen (YPM R16084) of Aldabrachelys gigantea, the giant Aldabra tortoise (male, curve cara pace length = 1250 mm), was used to test the three methods. Two of the methods ('hybrid' and photo grammetry) were also tested on a living specimen of a Galápagos giant tortoise, Geochelone porteri (male, curve carapace length = 919 mm, Santa Cruz, Galapagos Islands, Ecuador).
METHODS
Linear measurements
Calipers (resolution = 0.1 mm) were used to take Euclidean (linear) measurements on both the museum and field tortoises' specimens. Each possible binary combination for each landmark ( Fig. 1 ; see Appendix, Tables A1, A3) was measured for the Aldabra tortoise, whereas only six measurements were taken for the Galápagos tortoise (SW1/2N, SW2N, SW3N, SW2/3N, SL1/2C and SL2/3C; Fig. 1 ; see Appendix, Table A5 ). A flexible tape (resolution = 1 mm) was used to obtain geodesic distances (curve measurements taken along the surface) on the cara pace of the Aldabran tortoise in binary combination for each landmark (see Appendix, Tables A2, A4). These data were used as 'true values' to evaluate the precision of each method.
Camera hardware
Two types of cameras were used, a Canon Digital Rebel XT camera (Canon EF-S; 18-55 mm f3.5-5.6 lens with a pixel resolution of 1728 ¥ 1152), and a much less expensive camera, the Pentax Optio W10 (pixel resolution of 1600 ¥ 1200), to take the digital images of the specimens and of the calibration targets (see below). For the Galápagos giant tortoise, digital images were obtained only with the Pentax camera because our analyses on the museum specimen showed that the two cameras perform similarly (see Results).
Imaging software and data capture procedure In the present study, a method from photogrammetry was used that produces a sparse set of geometric points from images taken with a single camera, a method from computer vision was used that produces a dense set of points from images taken with a pair of mechanically linked cameras, and a 'hybrid' method was used combining the advantages of the other two techniques. In all three methods, the 3D form of an object was computed by identifying the image location of the points in two or more camera views (Fig. 2) . The triangulation principle was used in all of the methods. The camera views may be obtained from one camera that moves around, or from multiple cameras triggered in unison (Lu et al., 2004) . A single camera is insufficient because the appearance of the point in one image means only that the point lies along a particular ray (ray 1 for P in camera view 1). Two cameras, 1 and 2, have each an associated image. If the camera positions and orientations relative to each other are known, the position of P can be computed from the baseline distance between the cameras and the angles of the rays through the pixels (x1, y1) and (x2, y2). The angles from the camera positions to P can be determined by knowing the orientation of the cameras, the camera focal length and any corrections for optical lens distortions.
Camera positions and orientations are referred to as extrinsic camera parameters. Camera focal lengths and lens corrections are referred to as intrinsic camera parameters. The methods used vary in how they determine the camera parameters, and so the procedures to capture the images differ. The intrinsic parameters, in particular the camera focal length, cannot change between taking pictures of the object and of the calibration target. The determination of camera parameters is referred to as camera calibra tion (Zhang, 2000) .
The processing steps for all three methods are provided in more detail in the software tutorials and on the webpage of the 'hybrid' method (http:// graphics.cs.yale.edu/bjls).
Photogrammetric method:
The first method consid ered is a method from photogrammetry as imple mented in the commercial software PhotoModeler® Pro 5.2.3 (Eos System Inc.). PhotoModeler® computes the locations of user identified landmarks using a series of images taken with a single camera. This is necessary to find the extrinsic camera parameters. The calibration phase is necessary to determine the intrinsic camera parameters, which are computed from a series of images of a known target (provided with the software). At least eight images were taken for each calibration.
Images of the organism were taken from multiple views as indicated in the software tutorial. Digital pictures were taken moving around the animal, freely choosing the distance or angle from it. All computa tional processing of the images was performed after returning from the site of the images capture. To process the images, the user needs to identify each landmark that appears in each image. Using the input from the user and the camera calibration data, the program produces a surface that consists of polygons connecting user specified landmarks. The program also computes all of the extrinsic parameters of the camera views for the images that were taken.
Stereo vision method:
The second method used was a stereo vision method from the field of computer vision and as implemented in the commercial software SRI Small Vision System (SVS) 4.2 (Videre Design Inc.). This method uses images from a pair of cameras bolted together a fixed distance apart to produce a spatially dense set of points on the specimen surface (or alternatively a single camera with a set of mirrors and prisms to create two 'virtual' cameras could be used). The distance between the cameras is deter mined by the size and distance to the specimen to be measured, and was 20 cm in the present study.
In the stereo vision method, both the intrinsic and extrinsic camera parameters are determined in the calibration phase (performed prior or after taking the organism images). The calibration for the stereo vision method requires taking a series of images of a target, which is provided with the software. At least eight images pairs were taken for each calibration.
Pairs of images of the specimen were taken and used to reconstruct the portion of the specimen that is visible in each image in the pair (stereo matching). Multiple overlapping imaging pairs were required to capture the form of the complete specimen. All com putational processing of the images was performed after returning from the site of the images capture. Because both intrinsic and extrinsic camera param eters were obtained in calibration, the software is able to compute 3D locations from the images without user interaction.
The result of processing with the SVS software is not a 3D model, but a portion of the specimen surface (partial model). The partial models were aligned with one another by having the user specify the approxi mate locations of three corresponding points in each pair of overlapping partial models. The precise align ment of partial models was then computed using the iterative closest point method (Besl & McKay, 1992) and an integrated single 3D model is produced. The SVS software does not provide for this alignment, and so a series of software modules was implemented for performing this alignment and integration based on the freely available software components (available at http://graphics.cs.yale.edu/bjls).
'Hybrid' method: The photogrammetric method is easier to use in the field because it requires a single camera. It is limited, however, to only reconstructing user specified landmarks. The 'hybrid' method extends the photogrammetric method by combining it with stereo vision to compute a spatially dense model.
The hybrid method begins with the intrinsic camera calibration procedure from PhotoModeler®. Images were then taken of the specimen using a single camera. However, instead of simply insuring that landmarks of interest appear in multiple images, pairs of views were taken that are approximately similar in distance apart as views from the stereo camera pair would be.
After the images were processed as in PhotoModeler®, our own software (freely available with additional information from http://graphics.cs.yale. edu/bjls) was used to convert the PhotoModeler® com puted extrinsic camera parameters to create virtual calibration images using standard computer graphics techniques (e.g. as described in Shirley et al., 2005) for use in the SVS system in place of captured images of the SVS target. Given the camera calibration images, the processing of the data continued as though each pair of images captured with the single camera were captured with the mechanically coupled cameras (stereo vision method).
Scaling
For all of the above methods, the 3D models need to be scaled to the actual dimension of the object. The scale value can be computed by comparing at least one caliper distance physically measured on the actual object and the corresponding Euclidean distance mea sured from the 3D digital model. Euclidean distances were measured on the digital model using the freely available Rapidform Basis software (INUS Technology, www.rapidform.com). To reduce the influence of mea surement error due to either error in obtaining the physical distance measurements and/or limitation of the caliper resolution, this value was computed with the least square method (Moore & McCabe, 2004) on multiple distance measurements. The Euclidean dis tances used in this study were: SW1/2N, SW2N, SW2/3N and SW3N (Fig. 1) , according to the formula:
3D BIOLOGICAL FORM RECONSTRUCTION 429 where s is the scaling values, SW1/2Np, SW2Np, SW2/ 3Np, and SW3Np are distances measured with caliper on the actual tortoise, and SW1/2Nc, SW2Nc, SW2/ 3Nc, and SW3Nc are the distances measured on the reconstructed 3D models.
Statistical analysis
Both the error and repeatability of the measurements taken on the 3D models were evaluated. The error was calculated as the absolute values of the measure obtained with each method minus the corresponding physical measure (obtained with the caliper or tape ruler). Repeatability of the photogrammetric and 'hybrid' methods was tested by running a correlation analysis (Moore & McCabe, 2004 ; with the test run in Microsoft Office Excel) using two independent mea surement sets taken on two different 3D models of the Aldabra tortoise carapace reconstructed using two distinct sets of digital images and different users. The precision of each method was tested using the t-test paired two sample for means (Moore & McCabe, 2004;  with the test run in Microsoft Office Excel). Prior running the test, each distance value obtained on the 3D model was transformed according to the formula: distance obtained on the 3D model/corresponding dis tance obtained with the caliper (or tape ruler). The test was run by comparing the transformed distance value obtained on the digital model reconstructed with the photogrammetric or 'hybrid' method with the caliper or flexible tape measurements. The two differ ent cameras cannot be compared for the 'hybrid' method because each of them was used on the differ ent tortoises. Because multiple comparisons were made (to rank which method performs better), a Bon ferroni correction was applied with n = 5 (five com parisons; Table 1 ) to control for misleading P-values (Moore & McCabe, 2004) .
RESULTS
For the Aldabra tortoise, 11 pictures were processed in PhotoModeler®, 26 pictures in the Small Vision System, 36 pictures in the 'hybrid' method, and 24 pictures each for the repeatability test for the 'hybrid' and photogrammetry methods. For the Galápagos tortoise, 24 digital images were processed for only the photogrammetric and the 'hybrid' methods because of the limitation of the field work in using the two physically linked cameras necessary to test the stereo vision method. The time needed for taking all the images for a single individual varied in the range 10-30 min, depending on the method used (10-15 min for the stereo vision method and 20-30 min for each of the other methods), the size of the object, and on how much the animal moves. The processing time was longer than the image capturing time. To obtain a 3D model with PhotoModeler®, it takes approxi mately 1-5 h per individual of picture processing by the user. The large time range depends on how many images are used, the quality of the images (how visible are the landmarks on each picture), and how many landmarks are identified in total. In the present study, a total of 51 landmarks were marked on the Galápagos tortoise, and 53, 58, and 52 land marks were marked on the Aldabra tortoise (for pic tures taken with both cameras, and for the repeatability experiment respectively). For the stereo vision method, only 1-3 h of processing time per individual was needed because the longest step of the previous method, landmark identification, was carried out by the software rather than by the user. The range in time depends on how many images pairs are used, and how many partial models need to be aligned. For the 'hybrid' method for a single speci men, 2-8 h are needed. These times refer to usertime and not computer processing time. Figure 3 shows the reconstructed 3D model of the Aldabra tortoise carapace obtained with the photo grammetric (Fig. 3B) and vision-based methods (Fig. 3C) . Although both methods capture the overall form of the carapace, the stereo vision-based method captures more geometric details. Figure 4 shows the reconstructed model of the Galápagos tortoise cara pace obtained with the photogrammetric (Fig. 4B) on the model reconstructed using the photogrammet and the 'hybrid' methods (Fig. 4C) .
ric method. Table 1 shows the results of the t-test used to assess Tables 2 and 3 show the results of the statistical the precision of each method and camera. Based on analysis to evaluate whether the measurements the P-values obtained with the t-test, all the methods obtained with the caliper or flexible tape and the ones show high precision compared with the corresponding obtained on the reconstructed models were signifi caliper or flexible tape measurements. The only cantly different. The correlation coefficients obtained exception is for the geodesic measurements obtained for the repeatability test suggest that both methods Table 3 . Statistical error in reconstructing the three-dimensional model of the Aldabra tortoise' carapace with the Canon camera using two different sets of images and two different users to process the images (for measurements, see Appendix)
Euclidean distances Average error ± SD 1.0 ± 0.5 1.8 ± 0.7 Maximum error 1. are highly repeatable (Table 3) . Moreover, there is no clear evidence for any method of an association between the length of the distance measured and the error associated with it ( Fig. 5A, B) . A strong corre lation is shown between Euclidean measurements obtained with the caliper and those obtained on the models reconstructed with any of the methods (R 2 = 1; Fig. 6A ), whereas, for the geodesic measurements, the stronger correlation was found with the 'hybrid' method (R 2 = 1; Fig. 6B ).
DISCUSSION
All three methods perform similarly for Euclidean distances independently of the camera used (Table 1) . Minor differences in precision are likely to be related to a less precise camera calibration. Thus users can decide which camera and method to use depending on their specific needs. When dealing with geodesic distances, both the 'hybrid' and the stereo vision methods perform much better than the photogrammetric (Table 1) . That is mainly because of the dense reconstruction obtained with the stereo vision method (thus the 'hybrid' method) for geodesic distances. Even the pyramiding ('bumps') of the carapace was well reconstructed because the method automatically calculates corre sponding points everywhere on the carapace. In the stereo vision method, the Canon camera outper formed the Pentax (Table 1) because the stereo vision method requires high quality textures in the digital images for stereo matching.
Given the high accuracy obtained with these meth odologies, their repeatability, the limited cost of the materials, and the fact that no framer or other devices are necessary to fix the position of the camera, they are especially suitable for field work. One of the reasons for the larger body of literature on 2D rather than 3D morphometric data analysis is the high cost of the instruments necessary to obtain the 3D data. The methods described in the present study, even if time consuming during the processing phase, offer an easy, minimally invasive and non-expensive way to obtain accurate 3D reconstruction of animal forms, recovering curved surfaces and surface texture when needed. Although these methodologies were not tested on different organisms, the results obtained demon strate that the error is not related to the measured distances (Fig. 5) . Thus, it is proposed that these techniques could be used successfully on nondeform able structures in other animals. The 3D reconstruc tions can be used to calculate the volume and mass of the animals or used for functional morphology, as well as morphometric studies. Digital images can further be made easily accessible to other researchers to address other biological questions without the need of repeating the sampling.
In the photogrammetric method, the data capture is easier because only one camera is needed, whereas the data processing is more time-consuming than the stereo vision method because of the dependence on user interaction. Practicing with the methodology, highlighting the landmarks, and high quality pictures all help to reduce the user interaction error and the time required to reconstruct each carapace. When working with live organisms in the field, trading time in post processing versus convenience may be desir able. Because the same levels of precision are obtained by both methods, the decision about which method to use can be based purely on the field con dition logistics and the kind of information that the user needs.
The new 'hybrid' method combines the advantages of photogrammetric and stereo vision methods, the easier data collection (only one consumer grade digital camera is needed), and the high precision and detail, making this method extremely suitable for field work. Another advantage of this method is that, if the field images are not of high enough quality to allow the reconstruction of curve surfaces, the same images can always be processed using the photogram metric method. Furthermore, because they recon struct spatially denser models, the 'hybrid' and the stereo vision methods allow the user to mark and recover the 3D coordinates of any point on the surface of the model, whereas the photogrammetric method only allows the user to recover the 3D coordinates of previously marked landmarks. 
